An attempt is made to assess the present knowledge about the methods of determining mercury (Hg) exchange at the air-water-soil interface during the past 20 years. Methods determining processes of wet and dry removal/deposition of atmospheric Hg to aquatic and terrestrial ecosystems, as well as methods determining Hg emission fluxes to the atmosphere from natural surfaces (soil and water) are discussed. On the basis of the impressive advances that have been made in the areas relating to Hg exchange among air-soil-water interfaces, we analyzed existing problems and shortcomings in our current knowledge. In addition, some important fields worth further research are discussed and proposed.
INTRODUCTION
Mercury (Hg) is a global environmental pollutant. Because of its special physical and chemical characteristics, Hg can diffuse, transport, and transform in different environmental media. It is a potential danger to ecosystems and human health. During the last 20 years, there have been a considerable number of scientific studies that focused on air-water-soil exchange of Hg [1, 2] , and many methods were developed at that time [3, 4] . Results indicated that atmospheric Hg deposition is an important source of the seepage lakes in remote areas in North America and Europe [1, 5] . Hg emission (re-emitted) from natural surfaces (water, soil, or plant) has also been confirmed [6] .
Hg can exist in three oxidation states: Hg 0 , Hg + , or Hg 2+ . The chemical and physical properties of Hg dominate their behavior in the environment. Atmospheric particulate forms and divalent species of Hg are thought to be deposited (wet and dry) more rapidly than elemental Hg. Wet and dry deposition of dissolved Hg (II) and particulate Hg are generally considered to be unidirectional processes; however, air-surface exchange of Hg 0 can occur bidirectionally. Researchers have developed different methods to quantify the exchange amount for different Hg processes.
RESEARCH SITUATION

Wet and Dry Deposition
Research on atmospheric Hg deposition began early on in North America and Europe, and many achievements resulted. Jensen and Jernelov [7] thought that atmospheric Hg could cause high Hg content in organic matter; this view was the primary understanding of atmospheric Hg deposition. At the same time, research on transport and deposition of atmospheric Hg was developed. Studies indicated that atmospheric Hg, especially particulate Hg and divalent Hg, could enter into the surfaces of land and oceans via wet and dry deposition. However, at that time, only wet deposition was determined by environmental sources such as precipitation [8] ; very little was known about dry deposition of atmospheric Hg. From the 1970s to the late 1980s, there was some advancement in the methods used to determine atmospheric Hg deposition. Wet deposition had been generally estimated by determining Hg concentrations in precipitation, but methods using other natural samples were adopted and have fallen into widespread use:
• Ice cores. Ice cores can effectively record the past atmospheric Hg deposition and also can effectively reveal the biogeochemical cycle of this metal and the influence of recent anthropogenic Hg emissions [9] . Vandal et al [10] suggested that Hg concentrations in Antarctic ice might serve as a paleoproductivity indicator for the more distant past through analysis of Hg concentrations in the ice core.
• Peat bog. At the beginning of the 1980s, Pheiffer [11] used the Pb-210 method to date the cores and analyze atmospheric Hg deposition. He concluded that most of the deposited Hg accumulated in the peat bog; therefore, peat bogs can serve as an accurate measure of atmospheric deposition. In the 1990s, Jensen and Jensen [12] determined Hg concentrations in the "raised bogs" in a rural area in Scandinavia to explain the deposition rate of atmospheric Hg. Recently, a significant number of similar studies have been performed [13] .
• Vegetation. Vegetation sampling has been used successfully to monitor atmospheric Hg levels and its deposition [14] . Moss is primarily used to monitor atmospheric Hg deposition [15] . Then, lichen, an epiphyte plant (Tillandsia usneoides), and rye grass have also been used as biomonitors to monitor atmospheric Hg deposition [16, 17] .
• Lake sediments. Lake sediments are a useful way to examine the historical record of mercury deposition because 90% of incoming Hg is retained in sediments and postdepositional movement is very limited [18] . Since the 1990s, this method has been commonly used [19] .
• Humic matter in soil. Soil also accumulates Hg, retaining up to 90% of the Hg currently deposited in the terrestrial landscape [20] . Nater and Grigal [20] have successfully used the Hg content of soil samples to explain the impact of atmospheric Hg deposition across the north central U.S.
Research on the relationship between Hg in the atmosphere and Hg bioaccumulation in fish in Nordic countries [21] , and Hg deposition in the Great Lakes regions of the U.S. [22] has indicated that the atmospheric deposition of Hg is an important source in natural ecosystems. This viewpoint has achieved greater international recognition [23] . With the appearance of new technology for analysis and higher sensitivity of instruments, determination of low Hg fluxes between air-water-soil interfaces was possible; thus, research on the deposition of atmospheric Hg has received special attention, especially in North America and Europe. The National Atmospheric Deposition Program and Florida Atmospheric Study initiated the Mercury Deposition Program [23] . Concern over Hg deposition in the remote areas of the Arctic resulted in the formation of Arctic Assessment and Monitoring Program [24] . The purpose of these programs is to study spatial and temporal information about Hg content and its deposition.
The dry deposition model of atmospheric Hg has been widely used after a representative dry deposition rate of atmospheric Hg (0.5 cm/s) was presented at a conference about the atmospheric input of trace species into the world's oceans in 1989 [25] . Fitzgerald et al. [4] used the dry deposition model to estimate the dry deposition flux of Hg in the lakes in central Wisconsin. Since then, some regional Hg cycle models -such as the Regional Lagrangian Model of Air Pollution (RELMAP) [26] -were developed based on the above method. The past research that indicated that plants can absorb gaseous Hg from the atmosphere and then transport part of it from root to above ground is ignorable, so the difference between wet deposition flux in an open field and the throughfall of a canopy can be used to estimate dry deposition fluxes of elemental Hg. This recently developed throughfall method is a reliable field method [27] .
Research in this area in China began very late. In the 1970s, fishermen poisoned by methylmercury in the Second Songhua River focused government attention on Hg pollution. Mercury and methylmercury research in aquatic ecosystems was performed, but little research on atmospheric Hg deposition and Hg emissions from natural surfaces (water, soil) was involved. Up to the 1990s, Liu et al. [28] reported Hg content in precipitation and in the atmosphere in Beijing City. The Moss Bag method to determine atmospheric Hg deposition (wet and dry) has been recently used [29, 30] . In our studies, we examined particulate Hg in the air in Changchun [31] and its dry deposition fluxes by using the dry deposition model [32] .
Emission
Hg 0 is the main species that is emitted from natural surfaces. In this paper, we only discuss methods of determining Hg 0 emissions from natural surfaces. At first, Hg 0 emission rate from soil and water is indirectly estimated, according to Hg content in rain and the deposition rate as determined by ice-core anaylsis [33] . The pollutant exchange amount among air-water and air-soil surfaces can be obtained three ways: The first is to employ the equilibrium calculation using the Henry Constant. This method was often used in analyzing the air-water interface [34] . The second is to simulate natural systems in the laboratory. In the laboratory, researchers can simulate the relative environmental and chemical parameters of a natural system, obtain the emission law, and then extrapolate to the natural system. The third is to use the dynamic chamber method. Xiao et al. [3] first used this method to determine Hg emissions from soil and water surfaces. This method can determine emission flux under dynamic environmental conditions and objectively reveal the temporal and spatial distribution pattern of emitting processes. It is a reliable method to determine Hg emission from soil and water in the field. Because of its portability and ease of manipulation, this method has had widespread use [35] . As a part of the Mercury Air/Surface Exchange initiated by the Oak Ridge National Laboratory, a micrometeorological gradient method -the modified Bowen ratio approach -was advanced [6] . This method quantifies area-averaged fluxes using vertical gradients of trace gas concentrations with simultaneously measured turbulent-mixing parameters. Micrometeorological techniques are advantageous because the surface is not disrupted by those "in-air" methods, and the measurements provide a real average of the flux [36] .
Because of the lack of technology for determination, there is little research on Hg emitted from natural processes (soil, water, and plant) in China before the 1990s. Through the 1990s to today, there has been a little research in this field. Feng et al. [37] and Tan et al. [29] used the dynamic chamber method to determine Hg emission rates from soil. Li et al. [38] used the lab simulation and field chamber methods to determine methylmercury emission rates. In Fang [30] , the dynamic chamber method was also used.
DISADVANTAGES
According to the research institute, there are many drawbacks to the methods used to determine Hg exchange at the air-water-soil interface, and these drawbacks need closer attention.
Peat bog and sediment can record the past atmospheric Hg deposition; however, because of the input of streams to sediments and the vertical transportation of water in peat bog, there is uncertainty in the data. The use of soil Hg levels to estimate Hg deposition from the atmosphere is not entirely straightforward because variable contributions from geological sources can confound the results and postdepositional mobility of Hg may alter atmospheric signals [20] . When the RELMAP model is used to estimate wet and dry deposition of atmospheric Hg, the emission amount of Hg in each source and the ratio of Hg species must be obtained, so it is difficult to spread. The throughfall method to estimate dry deposition of atmospheric mercury has two shortcomings. First, at the low dry deposition rate in winter or in the background area, the canopy can adsorb Hg from rain, and the divalent Hg deposited in the leaves may be reduced into elemental Hg and evaporated into the atmosphere before the next precipitation; thus, there exists some uncertainty in the results. This method is especially unsuitable for assessing the background area and the dry area. Second, because the field chamber method changes the environmental situation of the natural surface, it also has a certain margin of error, and the blank values emitted from the field chamber itself is a difficult problem to settle.
In China, because of undeveloped methods and the lack of a reliable ng/m 3 -level determining method, there is little research on Hg exchange at the air-water-soil interface.
RESEARCH NEEDS
According to the existing problems in the current research, research on the exchange of Hg on the air-water-soil interface may be strengthened by establishing a reliable method to determine Hg content at the ng/m 3 level or even lower; strengthening research on the mechanism of atmospheric Hg deposition and emission from soil and water; paying more attention to the Hg cycle in terrestrial systems; and using, combined with computer technology, a mercury cycle model that simulates the process of Hg in the environment and that may become the hotspot in Hg research.
